Midsystolic clicks (MSC), or nonejection systolic clicks, were discovered in 15 patients with arteriosclerotic heart disease (ASHD). The diagnosis of ASHD was established by the presence of angina or the history of a documented myocardial infarction (MI) or both. The MSCs were recorded in 13 patients. A late systolic murmur was introduced by the MSC in four patients, and one patient had a soft holosystolic murmur. The mitral origin of the MSCs and murmurs was established by noting their change in timing and intensity following administration of vasoactive drugs. One patient underwent cardiac catheterization, and evidence of an old MI and papillary muscle dysfunction (PMD) was demonstrated. We think that the PMD that occurs secondary to ischemic fibrosis in ASHD permits slack chordae tendineae suddenly to become taut in midsystole and produce a snap. Although the mechanism for the production of chordal snaps has been previously postulated, ASHD has only recently been found responsible for producing these sounds. The diagnosis of ASHD should be considered in patients with MSCs, even though they frequently occur in its absence.
chordae tendineae that are suddenly drawn taut.' Subsequently, intracardiac phonocardiograms recorded by Ronan et al.2 from within the left atrium of a patient with late systolic mitral insufficiency provided direct evidence that the snapping sound, or click, arose from a mitral valve structure. Criley et al. 3 showed that herniation of the posterior leaflet into the left atrium coincided with the midsystolic click, which implies that the attached chordae are drawn taut at the time of leaflet prolapse. Barlow et al.4 5 demonstrated that mitral clicks and late systolic murmurs behave characteristically on phonocardiographic analysis following inhalation of amyl nitrite and thus provided an easy means of identifying the mitral origin of these auscultatory events without invasive measures. A midsystolic click and late systolic murmur is considered to be the classic expression of one form of mild mitral regurgitation. However, isolated systolic clicks occur frequently and are often thought to represent a mitral abnormality without valvular incompetence. 5 Many papers dealing with the form of mild mitral regurgitation described have been written in recent years, and many diseases are responsible for or associated with it. Systolic clicks frequently coupled with late systolic murmurs most commonly occur in patients with the so-called idiopathic myxomatous transformation abnormality of the mitral valve.3' 6-10 They have also been associated with Marfan's syndrome, 3 6,11 with chordal rupture due to trauma3 or bacterial endocarditis, 12 with Turner's syndrome,1' with the insertion of prosthetic chordae,5 occasionally with rheumatic valve disease,13 with mitral commissurotomy,4 and with periarteritis nodosa.3, 5The association of coronary disease with midsystolic clicks alone or accompanied by the murmur of late mitral insufficiency, however, has not been observed until very recently. The purpose of this paper is to draw attention to the occurrence of a midsystolic click in patients with coronary disease and to point out its diagnostic value and pathophysiologic significance. Methods Fifteen patients with coronary artery disease and midsystolic clicks were studied. Fourteen patients were drawn prospectively from the Cardiovascular Clinic, Letterman General Hospital, following the initial observation by one of us that a 53-year-old female with coronary disease (J. R., patient 1; see table 1), seen in another hospital, had a midsystolic click and late systolic murmur. There are 2200 patients in our clinic outpatient file, approximately one-third of whom have coronary artery disease. All patients with clicks and murmurs included in our group were examined by at least three of the authors and usually by all of us. The clinical diagnosis of coronary artery disease was made from a history of angina or a documented myocardial infaretion. One patient also underwent cardiac catheterization and coronary angiography. A simultaneous phonocardiogram, lead II electrocardiogram, and indirect carotid arterial pulse were recorded both at rest and after inhalation of amyl nitrite in 13 patients, and during phenylephrine infusion in six of these patients. Phonocardiograms were recorded with the four-channel Elema-Schonander Mingograph apparatus,* which provides direct writing by jet galvanometers and employs a microphone of the Piezo-electric accelerometer type. Recordings were made at a paper speed of 50 or 100 mm/sec with a frequency filter of 140 to 280 Hz (filter 200) with the microphone placed at the point of maximal intensity of the click and murmur, usually at the left ventricular apical area, and with the patient in the left lateral decubitus position. The recorded events were auscultated simultaneously by the phonocardiographer. Blood pressure measurements were made before and during the administration of vasoactive drugs. The midsystolic clicks were easily identified because of their appearance in systole beyond the onset of ejection, as noted by the upstroke of the carotid pulse tracing, and before the occurrence of the second heart sound, which closely preceded the dicrotic notch. Each patient had a recent posteroanterior and lateral chest roentgenogram and a 12-lead electrocardiogram. All subjects were seen on several occasions, and most have been followed regularly by us for more than a year. The medical records and clinic charts of each patient were carefully reviewed, and notations were made regarding the onset of symptoms of coronary disease, the first appearance of the midsystolic click and late systolic murmur, the occurrence, location, and complications of myocardial infarction, and the presence of important associated or predisposing illnesses. All patients included in this study met strict clinical diagnostic criteria for arteriosclerotic heart disease, and the auscultatory events were readily heard in all of them.
Results

Clinical Information
The clinical data of the 15 patients included in this study are recorded in table 1. Eleven patients were male and four were female. Their ages ranged from 35 to 77 years, with a mean of 58 years. Symptoms of coronary disease have been present in these patients on an average of 5% years and frequently existed prior to referral to this clinic. All subjects had angina, and seven patients had had a myocardial infarction. Of those patients with angina alone, two had positive exercise MIDSYSTOLIC CLICKS electrocardiograms, two had associated cerebrovascular disease, and two had an elevated serum cholesterol. Congestive heart failure was present in eight patients, two of whom had trivial mitral insufficiency which was not believed to be responsible for the heart failure in either one. The heart size generally reflected the cardiac functional state, and the cardiac silhouette, as seen on chest roentgenogram, was not severely enlarged in any patient. Left atrial enlargement, when present, was entirely consistent with the degree of left ventricular failure and did not suggest more than mild mitral regurgitation. The resting electrocardiogram was normal in six patients. Nine others had abnormal tracings, and three of them had electrocardiographic evidence of an old myocardial infarction. In addition to the midsystolic clicks and systolic murmurs present in our patients, other auscultatory signs of coronary disease were present. In 13 patients an atrial diastolic gallop (fourth heart sound) was heard, and a ventricular diastolic gallop (third heart sound) was also heard in four of them. Paradoxical splitting of the second heart sound was not detected in our patients. Associated cardiovascular illness was common. Five patients were noted to have mild hypertension, and two had cerebrovascular disease. Mild diabetes mellitus was found in two patients, and five had elevation of their blood lipids.
These patients have attended the Cardiovascular Clinic on the average of more than 43' years, and they have been followed by us for 2 years, or since the discovery of their click and murmur. Symptoms of coronary disease in each patient preceded the discovery of the clicks and murmurs, although these occasionally were not noted until the diagnosis of coronary disease was made. In no instance was the click and murmur known to exist prior to symptoms of coronary artery disease. One patient died during our observation, after her fourth myocardial infarction, from intractible congestive heart failure. The other patients are alive, and their symptoms are currently stable.
Circulation, Volume XLIV, October 1971 Phonocardiographic Analysis Midsystolic clicks were present in all 15 patients. In 14 patients the click was single ( fig. 1 ), and in one patient multiple clicks were present ( fig. 2 ). The clicks commonly occurred in the middle third of systole, but appearance in the last third of systole was not unusual. In no instance did they occur early in systole. Although the clicks were easily heard, their acoustic frequency was at times lower and less snapping than those sometimes heard in patients with idiopathic late systolic mitral insufficiency. The click was present intermittently in three subjects and could not always be detected and, for this reason, the click and murmur were never recorded in patients 1 and 12. In the subjects in whom the click was recorded, spontaneous variations in timing were insignificant. Changes in the timing of the systolic clicks after amyl nitrite inhalation were specifically noted. In 10 instances the click moved to a position earlier in systole after administration of the drug ( fig. 3 ). In the other three patients there was an abrupt decrease in the intensity of the clicks and they disappeared before any change in timing could be appreciated. Figure 4 illustrates the timing of the systolic clicks and their response to amyl nitrite inhalation.
A late systolic murmur was introduced by the midsystolic click in four of our patients, and in patient 10 a soft holosystolic murmur was present ( fig. 5 ). The intensity of the murmurs was always estimated at grade 1 to 2 on a scale of 1 to 6. Following amyl nitrite inhalation, the late systolic murmurs behaved as anticipated and accompanied the click to an earlier position in systole and became softer ( fig. 6 ). The murmur which was holosystolic quickly diminished in intensity and disappeared. Phenylephrine, a vasopressor, was given to some patients and always caused the clicks and murmurs to become louder, but a change in timing of the events, if any, was not predictable; and movement of the click to an earlier or later position in systole was noted with equal frequency. In patient 2 the midsystolic click preceding the late systolic murmur was low in frequency and 50.5 common in patients with coronary disease, it is usually manifested by a systolic murmur of mild mitral regurgitation and is not accompaiied by a midsystolic click. [14] [15] [16] The lack of recognition of systolic clicks as a sign of possible coronary disease is evident in the recent literature.5 11, 15 EKG not as loud as others prior to phenylephrine administration, but following its administration the click became quite loud and distinct ( fig.7 ).
Discussion
Midsystolic or nonejection clicks due to malfunction of the mitral suspensory apparatus, whether or nut accompanied by a murmur, are not generally recognized to occur in patients with coronary artery disease. Our report concerns 15 patients with the clinical diagnosis of arteriosclerotic heart disease who have mitral dysfunction, as manifested by systolic clicks. Four of our patients also had an associated late systolic murmur and one other had a soft, holosystolic murmur. Evidence of the mitral origin of the clicks and murmurs was obtained by noting the predictable response of the auscultatory events on phonocardiograms after the inhalation of amyl nitrite or administration of phenylephrine. In our patients, the clicks either migrated toward the first heart sound (10 patients) or abruptly diminished in intensity and disappeared after amyl nitrite inhalation. The responses were considered typical for clicks arising from the mitral apparatus.4-1 A uniform decrease in intensity of associated systolic murmurs in our patients after amyl nitrite and their movement with the click to an earlier systolic position were also considered to be characteristic of mitral murmurs.5) The changes in timing and intensity of the mitral sounds and murmurs are probably related to the alterations in ventricular volume and changes in the contraction Circulat/on, Volume XLIV, October 1971 characteristics of the left ventricle following the drop in peripheral vascular resistance that occurs after amyl nitrite inhalation. '8 An increase in intensity of the click and murmur after phenylephrine infusion, as noted in six patients, provides a further clue to the mitral origin of the events even though the movement of the click was not predictable.
Although papillary muscle dysfunction is
The inability to predict changes in timing of mitral systolic clicks following a phenylephrine-induced increase in peripheral vascular resistance has been noted by others.4 In patient 3 the pathophysiologic significance of the nonejection click was dramatically demonstrated during phenylephrine infusion when a second and later click appeared and an associated late systolic murmur of mitral insufficiency was provoked die novo, as the intraventricular pressure rose in response to the vasopressor effect of the drug (fig. 8 ).
The arterial pressure at the time of appearance of the mitral insufficiency was 210/120 mm Hg, and yet the mitral valve was unable to remain competent. Naturally acquired moderate-to-severe hypertension is certainly not incompatible with competence of the patients with isolated systolic clicks and were able to provoke the murmur of mitral incompetence by moderately elevating peripheral vascular resistance in about onefourth of their cases. It is, therefore, apparent that a systolic click may represent mitral dysfunction and potential mitral insufficiency. In our patient, a relatively modest increase in peripheral resistance was needed to render the mitral apparatus incompetent. The chronologic development of the midsystolic clicks and late systolic murmurs in our patients suggests an etiologic relationship between the coronary disease and the mitral dysfunction. The symptoms of coronary artery disease preceded the discovery of the click or murmur in all of the patients. Patient 
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Figure 9
Angiogram in right anterior oblique position shows cotntrast material injected into the right coronary artery. Arrow designates occlusion of the posterior descending branch of the right coronary artery which supplies the diaphragmatic (inferior) surface of the left ventricle. There is filling of collateral vessels around and distal to the area of occlusion. observation during his convalescence from an acute anterior wall myocardial infarction.
The acoustic origin of the click in this syndrome is thought to be similar to other clinical situations in which it is present and probably arises from the mitral chordae tendineae. In this instance, however, the primary abnormality lies in the structures that exert traction on the chordae, i.e., the papillary muscles, rather than the chordae themselves because they are avascular structures and probably are never primarily injured as a result of an ischemic insult. In 1961, Reid' postulated that a subnormal contraction of the papillary muscle would result in a slackening of the chordae tendineae and then, because of the tremendous systolic force exerted on the mitral leaflets, the slack chordae might be drawn abruptly taut, producing a high frequency snapping sound. Angiographic evidence for this postulate exists in our patient T.D. (patient 13). He is a 35-year-old man Circulaton, Volume XLlV, October 1971 who developed a midsystolic click following a transmural diaphragmatic myocardial infarction 2 years ago and recently underwent cardiac catheterization with coronary angiography. Injection of contrast into the right coronary artery revealed occlusion of the posterior descending branch which supplies the diaphragmatic surface of the left ventricle ( fig. 9 ). Angiograms of the left coronary artery demonstrated retrograde filling of the occluded vessel via collaterals from the left anterior descending branch ( fig. 10) . A left ventricular cineangiogram performed in the right anterior oblique position at 60 frames/sec showed a localized akinetic portion of the posterior wall of the left ventricle. We have graphically emphasized the immobility of this segment by tracing an outline of the contrast-filled ventricle every five frames from end-diastole to its end-systolic position ( fig.  11 ). One can readily see that while the anterior apical and basal portions of the ventricle contract normally, a small area on the diaphragmatic ventricular wall, about onethird the distance from the ventricular apex, moves very little from its presystolic position. It is noteworthy that this is the area of the myocardium from which the posterior papillary muscle arises. '9 Since the blood supply of the papillary muscle is provided by a subendocardial network of vessels,20 it is likely that when there is a transmural myocardial infarction the attached papillary muscle is damaged too. Therefore, the angiogram implies posterior papillary muscle dysfunction as well as demonstrates infarction and akinesis of the diaphragmatic wall of the left ventricle. Under these conditions chordal tension is likely to remain subnormal early in systole, but as the chordae are drawn taut later in systole chordal tension may be expected to rise abruptly, and a snap or click is produced. This seems a simple, but functional, explanation of systolic clicks as they occur in coronary artery disease. We believe that an ischemic insult to the papillary muscle, whether subsequent to a clinically recognizable myocardial infarction or not, that results in fibrosis and dysfunction of the papillary muscle is the responsible pathologic mechanism.
Reid21 has recently further related the occurrence of systolic mitral clicks and murmurs to the hemodynamic events in the left ventricle. During the rapid ejection phase of systole, relatively little pressure is thought to be exerted against the mitral valve because the flow of blood is directed into the outflow tract of the left ventricle. However, as ejection slows and the outflow of blood is reduced, the pressure exerted on the mitral valve may be expected to increase and may provoke late systolic regurgitation if the valve is abnormal.
One would anticipate that changes in chordal tension would parallel these alterations in pressure against the mitral valve. Salisbury et al. 22 have provided supportive evidence for this thesis by directly measuring chorda tendinea tension in the dog. These investigators noted that chorda tendinea tension during systole may be characterized by an initial peak that occurs with isovolumic contraction and a later rise that occurs as left ventricular ejection begins to slow in midsystole. These two peaks are separated by a decrease in chordal tension associated with rapid ejection. Why chordal snaps frequently occur with the rise in chordal tension in midsystole and do not occur as commonly with the initial rise in tension associated with isovolumic contraction is not clear, but probably the reason is the inability of the diseased papillary muscle to exert a critical amount of traction on its (ircultaon, Volume XLIV, October 1971 chordae during this period when the longitudinal axis of the ventricle is decreasing and, therefore, the chordae remain slack. Even though the inability of the diseased papillary muscle to contract properly may dampen the first peak in chordal tension, it should not profoundly affect the second and later rise, which is caused more by the failure of ejection than by a subnormal papillary muscle contraction. The fact that systolic clicks in our patients occurred most often in the latter half of systole seems in accord with this hypothesis.
Other reports in the literature of patients with ischemic heart disease and nonejection clicks, or with both nonejection clicks and late systolic murmurs, are few. A 46-year-old man with a midsystolic click, angina, and a documented myocardial infarction has been described by Barlow et al.5 Altogether in their series, they had four patients with nonejection clicks that they attributed to an ischemic basis. One of these patients had a late systolic murmur. Recently Barlow and coworkers have studied seven patients with nonejection clicks attributable to ischemic heart disease, and two of these had a late systolic murmur (personal communication from J. B. Barlow). Stannard et al.9 included a 67-year-old woman with angina, a midsystolic click, and a late systolic murmur among 13 patients they reported with the click-murmur syndrome. More recently, Cheng23 reported two patients with arteriosclerotic heart disease and papillary muscle dysfunction who had midsystolic clicks, and one of the patients had an associated late systolic murmur. Both patients had a "posterior" myocardial infarction and angina. Coronary angiograms in one demonstrated obstruction of the right coronary artery and severe disease of the anterior descending branch of the left coronary artery, and a ventriculogram revealed abnormal bulging of the posterior mitral leaflet and late systolic mitral regurgitation. This patient experienced an anterior myocardial infarction after the study, and it was noted that the late systolic murmur became very faint. It was postulated that after this second infarct both papillary Circulation, Volume XLIV, October 1971 muscles failed to an equal degree and the mitral leaflets more closely apposed each other during systole, with a resultant decrease in mitral incompetence. We have recently observed a comparable series of events in one of our patients (patient 7). In this instance, a midsystolic click which had been present for 2 years after a diaphragmatic myocardial infarction disappeared following an anterior wall myocardial infarction, which led to her death. It is likely that the most recent infarct resulted in dysfunction of both papillary muscles to an equal degree, which created equal amounts of tension on the chordae and permitted no slack to develop. Zoneraich and Zoneraich24 have also reported a series of patients with arteriosclerotic heart disease and systolic clicks, but made no comment on their pathophysiologic significance. Papillary muscle dysfunction has been recognized by several investigators to occur in patients with periarteritis nodosa,3-5 and in one instance it was associated with a midsystolic click.5 At autopsy, this patient had fibrosis of both papillary muscles, but the coronary arteries were not described. Coronary arteritis leading to ischemic papillary muscle fibrosis and dysfunction probably was responsible for the lesion.25 Of the patients with midsystolic clicks and arteriosclerotic heart disease reported in the literature for whom the information is available regarding the location of the infarction, the posterior papillary muscle has been involved and was responsible for the click and murmur in all of them. However, one would suspect that the anterolateral papillary muscle insult would also produce this auscultatory complex, and our observations support this point. Four of our patients developed their midsystolic click following an inferior myocardial infarction, but in three others the anterior wall was the site of the ischemic insult.
The diverse pathology responsible for nonejection clicks might make one suspect that ischemic papillary muscle fibrosis and dysfunction would be a causative factor too. Indeed, it is not so surprising that nonejection clicks which sometimes introduce late systolic 513 murmurs are present in patients with coronary disease, but rather that their incidence is relatively low compared to the more commonly recognized form of papillary mitral dysfunction. The patients who are reported herein are included by virtue of the classical strict clinical criteria for the diagnosis of coronary disease. We have seen a number of other patients, some of whom are elderly, with nonejection clicks who we strongly believe have coronary disease, but do not meet the usual clinical diagnostic criteria. It should be emphasized, however, that the occurrence of midsystolic clicks and late systolic murmurs even in the older age group is not a pathognomonic sign of coronary disease, and the usual diagnostic criteria must be applied to such patients. However, it is our conviction that these mid-late systolic events may be the telltale clinical sign of acquired ischemic papillary muscle fibrosis and dysfunction and, therefore, coronary artery disease must enter into the differential diagnosis in such patients.
